The thermal stability of ZnS nanowires grown in a Au/Pd-mediated vapor-liquid-solid manner was studied by using an X-ray diffractrometer equipped with an in-situ heating system. Using an in-situ heating X-ray system, we monitored the structural degradation of ZnS nanowires in the temperature range from 25
The thermal stability of ZnS nanowires grown in a Au/Pd-mediated vapor-liquid-solid manner was studied by using an X-ray diffractrometer equipped with an in-situ heating system. Using an in-situ heating X-ray system, we monitored the structural degradation of ZnS nanowires in the temperature range from 25
• C to 900
• C. From the X-ray diffraction data recorded from 25 • C to 900
• C, the as-synthesized ZnS nanowires were identified to have a sphalerite structure at 250
• C and that initial structure was preserved up to 400
• C. Above 500
• C, a distinct sphalerite structure degradation was revealed, which is related to the disappearance of the (111) and the (200) peaks. Through the extended temperature region up to 900
• C, we found continuous reduction of the (111) and the (200) peaks. Especially, a pure Zn peak showed up at 700
• C, which can be considered to be due to a partial phase decomposition of ZnS nanowires. Further, we employed electron microscopes to observe the morphological and the structural changes corresponding to the initial and the final states of ZnS nanowire products.
I. INTRODUCTION
Recently, the research for a down-scalable nanoelectronics device that combines rapid operation, cheaper cost, and minimization has been focused on the exploration of novel nano-structured systems [1] . From this perspective, one-dimensional (1-D) semiconductor nanomaterials have been extensively researched due to their unique geometry, properties and potential applications, such as electrical, optical, magnetic, and thermoelectric devices [2] [3] [4] [5] [6] . If a nano-electronic device based on a nano-structure building block is to be realized, 1-D nano-material properties with mechanical, structurals, and thermal stability in a vigorous environment are required [7] [8] [9] . Especially, the thermal stability of the 1-D nano-materials building block is one of the most important keys, which allow a nano-electronic device to operate well even in critical surroundings. Among various methods to characterize the thermal stability of 1-D nano-materials, X-ray diffraction (XRD) with in-situ heating is used because it allows the detection of structural changes even in organic and inorganic nano-scale material systems [10, 11] .
We adopted an in-situ heating XRD system to investigate the thermal stability of 1-D nano-materials. Among * E-mail: kyuhwan@snu.ac.kr; Fax: +82-2-872-8307 several semiconductor 1-D nano-materials, we use ZnS nanowires as a model system to characterize the thermal stability by using an in-situ heating XRD system. ZnS is an important II-VI group semiconductor with good optical properties (direct bandgap energy = 3.68 eV at 300 K) and has recently been considered as the most promising material for optical and electrical device applications, such as displays, electroluminescence devices, infrared windows, ultraviolet (UV) lasers, sensors, etc [12] [13] [14] [15] [16] . In addition, we employed scanning electron microscopy (SEM) and transmission electron microscopy (TEM) for morphological and structural analysis of the in-situ heating XRD measurement.
II. EXPERIMENTS AND DISCUSSION
The synthesis of ZnS nanowires was achieved by using a metal-organic chemical vapor deposition (MOCVD) process with a Zn(S 2 CNEt 2 ) 2 single molecular precursor [17] . A Au/Pd (molar ratio 4 : 6) thin film was plasma-sputtered on a clean oxide-covered Si substrate (SiO 2 thickness ∼400 nm) for 1 minute, which subsequently served as the catalytic site for ZnS nanowire nucleation and growth. The Au/Pd-film-deposited substrate was then placed downstream in a horizontal tube furnace, and Zn(S 2 CNEt 2 ) 2 single molecular precursors were positioned upstream. The furnace temperature was slowly raised to 890
• C (substrate temperature: ∼770 • C), and the quartz tube was pumped down to a base pressure of 10 −2 Torr with pure Ar (99.99% purity) introduced into the tube at a flow rate of 50 sccm (sccm denotes cubic centimeter per minute at STP). After the furnace had been stabilized at the process pressure of 100 Torr, the precursor was slowly pushed into the hightemperature zone of the furnace, and ZnS nanowires growth was performed for 10 minutes. Fig. 1(a) displays a simple diagram of as-synthesized ZnS nanowires via Au/Pd-mediated vapor-liquid-solid reaction, which is described elsewhere [18, 19] .
To characterize the thermal stability of the assynthesized ZnS nanowires, we transferred the products into an in-situ heating XRD system (Philips X'pert Pro) equipped with a high-temperature oven chamber (Anton Paar HTK 1200N). After the as-synthesized ZnS nanowires had been loaded at in-situ heating stage, the XRD system was pumped down to a base pressure of 10 mTorr and then kept there for 5 minutes to stabilize the system. The procedure for the XRD analysis at the temperatures ranging from 25
• C to 900 • C was depicted in Fig. 1(b) . As for the in-situ heating process, the heating stage in the XRD system was ramped, with the temperature increasing at a rate of 5
• C/min. On the other hand, the phase composition change of the assynthesized ZnS nanowires was measured in intervals of 100
• C, and was recorded using Cu Kα radiation (1.54 A wavelength) and a 2θ scan from 20
• to 60
• . The red circles in Fig. 1(b) represented data obtained for a 10 minute recording time at each measurement. In addition, SEM (FEI NOVA NANO200) and TEM (JEOL 3000F) were utilized to characterize the microstructure of ZnS nanowires corresponding to in-situ heating experiment in the XRD system. Figure 2 shows the XRD patterns corresponding to structures in the ZnS nanowires at 25
• C, 500
• C, 600 • C, 700
• C, 800
• C, and 900
• C. The XRD patterns of as-synthesized ZnS nanowires are shown in Fig. 2(a) with a series of ZnS peak, (111) = 28.557
• , (200) = 32.979
• , (220) = 47.566
• , (311) = 56.376
• (JCPDS card No.05-0566) and a Au/Pd texture peaks (111) = 39.018 • [20] . As the temperature was increased to 400
• C, no significant changes, compared to the as-synthesized ZnS nanowires, were observed; thus, the nanowires maintained their sphalerite structure till 400
• C. Interestingly, when the temperature reached 500
• C, the XRD peaks were reduced over all the scanned area, and the (200) peak decrease is seen clearly in Fig. 2(b) . As the temperature was increased to 600
• C, a decrease in the peak intensities over all the scanned range was observed continuously, as in Fig. 2(c) . XRD patterns obtained by using extended heating from 700
• C are shown in Fig. 2 Fig. 2(d) , a pure Zn (200) peak was observed in the data recorded 700
(d)∼(f). As shown in
• C, which is thought to be from partial decomposition of ZnS nanowire. Hence, a decrease in the ZnS (111) peak is also clearly seen in Fig. 2(d) . From these results, we can infer that the ZnS sphalerite structure is degraded abruptly at 700
• C because we found a partial decomposition of ZnS and a decreased in the peak associated with the ZnS (111) closed packing plane with surface energy minimization. From Fig. 2(e) and (f), we find that this tendency, which started from 700
• C, was sustained until the temperature reached 900
• C. Figs. 
2(g)∼(h). show 70
• tilted SEM images of as-synthesized ZnS nanowires. Fig. 2(g) shows that the ZnS nanowires grew over almost all the area of the Si substrate. There are no clusters around the root of the ZnS nanowire in Fig. 2(h) . This confirmed that the XRD peaks came from the nanowire themselves.
To explore morphological changes in the ZnS nanowires due to the in-situ heating process, we conducted an SEM analysis on as-synthesized and final (heat-treated at 900
• ) ZnS nanowires. Fig. 3(a) shows a low-magnification SEM image of as-synthesized ZnS nanowires with lengths up to tens of micrometers. A rep- resentative high-magnification SEM image in Fig. 3(b) shows that the as-synthesized ZnS nanowires possessed diameters of ∼80 nm and a Au/Pd catalyst on top of the nanowire, which means Au/Pd-catalyzed VLS growth method. Figs. 3(c) and (d) show SEM images corresponding to final ZnS nanowires after in-situ heating at 900
• C. As shown in Fig. 3(c) , ZnS nanowires were observed with less density, smaller diameter and shorter length compared to Fig. 3(a) . These differences can be explained as being due to a partial decomposition and a structural degradation of the ZnS nanowires, as depicted in Figs. 2(d)∼(f) . Fig. 3(d) displays a highmagnification SEM image of Fig. 3(c) . Tangled and shrunken ZnS nanowires are found in Fig. 3(d) . Though the Au/Pd catalyst can be observed on top of the ZnS nanowire, the degradation of the ZnS nanowire can be clearly seen. To make a quantitative morphology comparison between the initial and final products, we measured the diameters of the initial and the final products by using SEM images showing hundreds of ZnS nanowires (data not shown). Through the quantitative comparison, we found that the diameter of final product was decreased by ∼40% compared to that of the assynthesized product.
To gain better structural information with respect to the initial and the final ZnS products, we employed highresolution (HR) TEM and conducted a structural anal-ysis via fast Fourier transformation (FFT). Fig. 4(a) presents a representative TEM image of ZnS nanowire recorded at a low magnification to illustrate a diameter of ∼70 nm and a Au/Pd-mediated VLS reaction. As shown in Fig. 4(b) , a HRTEM investigation was conducted for the upper part of the as-synthesized ZnS nanowire. HRTEM and FFT pattern studies reveal that the ZnS nanowire possesses a sphalerite single-crystalline structure in the [111] growth orientation. Figs. 4(c) and (d) show TEM images corresponding to the final ZnS nanowires products heat-treated at 900
• C. In Fig.  4(c) , we find a tangled and degraded ZnS nanostructure, compared to the as-synthesized product, which is co-related with partial ZnS nanowire decomposition and crystalline degradation at 900
• C. Fig. 4(d) displays a HRTEM image of a degraded ZnS nanostructure. Though we investigated the crystallinity over the entire degraded ZnS nanostructures by using HRTEM, we acquired no distinct information because crystallinity disappeared abruptly, from the XRD peaks obtained at 700 • C.
III. CONCLUSION
In this work, we characterized the thermal stability of ZnS nanowires by using in-situ heating X-ray diffraction. As-synthesized ZnS nanowires had a sphalerite structure that was maintained to 400
• C, as evidenced by the little change in the XRD patterns obtained at temperatures up to 400
• C. In the temperature range of 500 • C ∼ 900 • C, the crystallinity of the as-synthesized ZnS nanowires appeared to decrease. Especially, a pure Zn (200) was observed in the XRD pattern obtained at 700
• C, which is associated with a partial ZnS nanowire decomposition. Further, the (111) and the (200) peaks of ZnS nanowires decreased abruptly in the XRD data obtained at 700
• C. To investigate morphological and structural difference between the initial and the final ZnS products, we employed electron microscopes. From SEM and TEM analyses, we confirmed that as-synthesized ZnS nanowires were structurally degraded, with tangled features and a size reduction after the in-situ heating XRD process at 900
• C. This method of in-situ heating XRD system is expected to have more applications in nano-scale systems.
